Although the importance of thymic stroma in thymopoiesis has been recognized, the underlying molecular details regarding stromal cell biology remain obscure. To study this area, we have cloned genes expressed in thymic stromal cells. Spatial is alternatively spliced to generate two mRNAs in thymus and lymph node (LN) but it is not expressed in the spleen. In mouse embryos, the short form begins expression at day 10 while the long form is not detected until day 12. Both mRNAs encode proline rich proteins and their closest homology is to homeobox and POU domain transcription factors. Spatial is not expressed in thymocytes, but it is expressed in 2-deoxyguanosine-treated day 14 fetal thymic organ culture (FTOC) and in reaggregated FTOC. These data suggest that a normal three-dimensional organization of stromal cells is required for Spatial expression. An antiserum raised against a C-terminal peptide detected proteins of 38 and 32 kDa in Western blots of total thymus proteins. In frozen thymus sections, subcapsular epithelial cells were stained with the anti-Spatial antiserum. Paracortical subcapsular cells of unknown function were also stained in the LN. Both forms of Spatial fused to the green fluorescent protein (GFP) localize to the nucleus in transfected cells. Genes and Immunity (2000) 1, 391-401.
Introduction
Thymopoeisis is a tightly regulated process of differentiation and selection designed to produce a population of cells that distinguish between normal and potentially harmful conditions and initiate immune responses against the latter. In part, control is exerted along a temporal and spatial developmental pathway within the thymus that restricts the potential of hemopoietic stem cells and places discrete developmental stages in specialized thymic microenvironments to allow either further developmental progression, proliferation, or removal based upon specific interactions. Thymic stroma consists of a collection of 'resident cells' (in contrast to the thymocytes, which transit through the thymus) that produce the molecules necessary to create these specialized environments.
We have recently embarked on studies aimed at increasing our understanding of thymic stromal cell function at the molecular level by producing a cDNA library derived from day 14 fetal thymic organ culture (FTOC) treated with 2-deoxyguanosine to remove thymocytes. The cDNA library was further enriched for thymic stromal cell-specific gene expression by sequential subtraction against NIH3T3 and spleen mRNA. The resulting cDNA clones were then screened for tissue expression in thymus and other organs. 1 In this report, we describe our analysis of the gene encoding Spatial (Stromal Protein Associated with Thymii And Lymph node), which is expressed as two alternatively spliced mRNAs in the subcapsular region of the thymus and lymph node (LN), but not in the spleen. It appears to encode a nuclear protein with some homology to homeobox transcription factors and is dependent on three-dimensional stromal interactions for expression.
Spatial gene showed that this difference is due to an alternative splice site in the third exon (data not shown). The largest of these cDNAs was about 900 bases and contained a consensus poly A addition site and a poly A tract, but no obvious translational initiation site in frame with the large ORF, suggesting that the 5Ј end was missing. Multiple antisense primers derived from the partial cDNA were used for rapid amplification of cDNA ends (RACE) to clone the 5Ј end of the message and several identical cDNA clones were isolated. The final sequence of the Spatial cDNA was unusual in several aspects. First there was a run of 35 deoxythymidines in the putative The bold letters within the middle of the sequence denote the amino acids absent in the alternatively spliced short form of Spatial. The bold C-terminal amino acids in italics were used to generate the anti-peptide antiserum. The underlined sequence is a putative nuclear localization signal. In (b), a portion of the Spatial genomic DNA is shown to illustrate the relative positions of the Xma 1 restriction enzyme site and the B4, B2, and B9 primers used in the S1 nuclease and primer extension assays. The numbers below the diagram indicate the size of the fragments protected from S1 nuclease or produced by primer extension. In (c), the results of a representative S1 nuclease protection assay is shown. Listed on top of the gel is the source of RNA and whether S1 nuclease or primer was added. The asterisk to the left indicates the size of the undigested probe used in the S1 nuclease assay. The probe synthesized using the B9 primer was protected only when thymus RNA was added (see arrow). The size of the fragment was measured and suggested a position for the 5Ј end of the message. This prediction was tested in (d) by using primer extension with B2 and B4 primers to map the 5Ј end of the transcript.
5ЈUTR of the cDNA (Figure 1a ). Second there was no ATG initiation codon in the same frame as the large ORF within the first 471 bases of the cDNA. We believe, however, that this cDNA represents the entire message of the gene for the following reasons. First, using the putative sequence derived from the cDNA clones, primers were designed and used in a RT-PCR assay to amplify the 5Ј end of the gene (data not shown) indicating that the cDNA represents an existent mRNA. Second, the 5Ј end of the Spatial message was mapped using two primers in primer extension and one in an S1 nuclease assay (Figure 1b) . The result was what would be expected if the RACE clones had identified the 5Ј end of the gene. The size of the fragment generated by the primer extension using the B2 or B4 primer exactly matched the size of the fragment predicted by the S1 nuclease protection assay, using the B9 primer to generate a single stranded genomic DNA probe (Figure 1c and 1d ). This finding was also confirmed using the B4 primer to generate a probe for the S1 nuclease protection assay (data not shown). Furthermore, the protected fragment was only seen when RNA from thymus was used in the hybridization reaction. Therefore, the longer Spatial message consists of 1036 bases and the short form is identical except it lacks the 102 bases that encode for the amino acids bolded in Figure 1a . The probable translation initiation codon of both forms of Spatial is one of the CTG codons shown in Figure 1a . Accordingly, the long Spatial message contains a potential ORF of either 229 or 231 amino acids; the ORF of the shorter cDNA is identical except it lacks 34 amino acids encoded by the third exon and indicated in bold in Figure 1a . This leaves a 5ЈUTR of 83 or 89 bases and a 3ЈUTR of 239 bases excluding the poly A tail for both forms of the message.
Protein product
In order to study the protein product of the Spatial gene, an affinity purified peptide antiserum was prepared using the C-terminal 14 amino acids of the putative coding region (bold italics in Figure 1a ). The antiserum immunoprecipitated both isoforms of H apparent mobility of the in vitro translated protein is greater than the predicted mass based on the cDNA sequence (long form predicted to be 25.7 Kd and the short form 23.3 Kd). To confirm this observation, the affinity purified antibody was used in a Western blot analysis to visualize protein derived from 293T human kidney epithelial cells transfected with expression vectors containing either the short or long form of the Spatial cDNA. As seen in Figure 2b , the antibody reacts with both Spatial isotypes from transfected cells and indicates a size of 38 and 32 Kd MW. Finally, Western blot analysis of a protein extract from SCID thymus revealed the presence of three protein bands that are not seen in the control 293T kidney epithelial cells. The apparent molecular masses of the upper two bands coincide with the mobilities of the in vitro synthesized and transfected Spatial isoforms. The lowest MW band may be a protease cleavage product of Spatial. Based on the size of the Spatial proteins we speculate that translation of Spatial message initiates at a leucine codon (CTG) at position 84 or 88 of the cDNA (Figure 1a) . Purification of Spatial followed by amino terminal sequencing is needed to conGenes and Immunity firm the exact nature of the amino terminus of the protein.
Immunohistochemistry
We also used the affinity purified peptide antibody to visualize the expression of Spatial protein within the thymus and lymph nodes of C57BL/6 mice. A low magnification image of staining in adult thymus revealed a striking concentration of Spatial expression in a thin layer just under the capsule (Figure 3a) . At higher magnification, it is apparent that the cells stained are within the margin of the tissue and are contained in the anatomical region occupied by subcapsular epithelial cells (Figure 3b upper panels). The antibody staining is specific because it is blocked by the addition of the immunizing Spatial peptide but not by the addition of the irrelevant 81-104 peptide of pigeon cytochrome c (PCC), and the pattern is not seen when the anti-Spatial antibody is omitted (2ndary alone). A similar anatomical site was identified within lymph nodes stained with the Spatial antibody, ie, a thin layer of cells under the edge of the capsule (lower panels in Figure 3b ). This area contains reticulum cells that line the marginal sinus and that are bathed by material entering from the afferent lymphatics. 2 The function of these cells is largely unknown. Finally, as a negative control, spleen sections were stained with the antiSpatial antiserum and no cells were labeled in agreement with the results from our mRNA analysis (data not shown).
Homology
Blast and FASTA homology searches, using Spatial cDNA and protein sequences, identified matches to several thymus-derived EST entries (EMBL number MMTSMRNA1, Genbank accession numbers W91576, W91584 AA110638, AI153377, AA110638, AI587887, AI428928) 3,4 but did not reveal any significant matches to the sequence database of known genes. One drawback of these methods is that they use a linear nucleotide or amino acid sequence as a query to compare against gene databases and may miss functional homologies not conserved at the linear sequence level. PROPSEARCH software was developed to identify functional homologies based on 142 different criteria and assigns a reliability index to the homology prediction. 5 Analysis of the Spatial protein using this program indicated that Spatial has an 80 to 87% probability of being related to a number of homeobox, POU domain, and leucine zipper transcription factors. The closest matches are to zebrafish MSH-B, mouse Oct-2 and the Arabidopsis homeotic protein HAT4. Direct comparison of Spatial to MSH-B shows two regions of low homology; the first region is 35% conserved within the first 50 amino acids of Spatial and is followed by a stretch of 60 amino acids with very low similarity (Ͻ10%). These regions are then followed by a 110 amino acid stretch that shows 38% conservation (data not shown).
Although sequence analysis showed that the Spatial gene does not match any known genes previously cloned in other species, a Zoo-blot analysis using Spatial cDNA as a probe and washed to retain hybridization to DNA with 40% or greater similarity, revealed that the Spatial gene is conserved between mouse, rat, human, monkey, rabbit, cow and dog ( Figure 4 ). Longer exposure of a similar blot revealed hybridizing bands in chicken DNA Figure 3 The Spatial protein is expressed in the subcapsular region in thymus and LN. At 50× magnification (a), the cells in the thymus that react with the Spatial antiserum appear to be subcapsular. In the upper panels of (b), the 400× magnification image shows that the specific Spatial staining is within the margin of the thymus and that it is specifically inhibited by addition of the immunizing peptide but not by the addition of the irrelevant PCC peptide. In the lower panels, a subcapsular pattern of staining is also shown for LN sections.
( Figure 4 ). High stringency washes revealed greater than 95% conservation of the Spatial gene between rat and mouse (data not shown).
Nuclear localization
Because our sequence analysis of Spatial indicated that it was probably related to transcription factors, we predicted that it should localize to the nucleus. Also the sequence contains several positively charged amino acids at the C-terminus that are predicted to be signals for nuclear localization (underlined in Figure 1a ). To test this hypothesis, both forms of Spatial cDNA were tagged on the 5Ј end with an in-frame HA epitope tag and transfected into 293T cells using calcium phosphate. Trans- fected cells were fractionated into membrane, nuclear, soluble nuclear and cytoplasmic fractions and analyzed by Western blots using either anti-HA or the anti-Spatial peptide antiserum. The majority of Spatial protein was found within the nuclear fractions, although there was a substantial amount in the cytoplasmic fraction as well, perhaps due to overexpression (data not shown).
To extend this observation, Spatial-GFP fusion protein constructs were transfected into 293T cells and the transfected cells were microscopically examined. As seen in Figure 5 , the majority of the long form of Spatial-GFP localized to the nucleus when compared to the pattern seen using a control cytoplasmic-EGFP vector (Clontech, Palo Alto, CA, USA). Furthermore, the bright GFP signal in cells transfected with the long form of Spatial-GFP colocalized with the DNA stain 4Ј,6-diamidine-2-phenylindole dihydrochloride (DAPI) (Boehringer Mannheim, Mannheim, Germany), (data not shown). Similar results were obtained using the short form of Spatial-GFP (data not shown).
Expression studies
To study the expression of both isoforms of the Spatial gene in B10.A mice, PCR primers were designed that flank the region of the message that contains the alternatively spliced exon. Using RT-PCR on RNA samples pooled from several mice, we found that Spatial expression was greatest in the thymus and lymph node and that lower levels of expression were detected in the kidney and skeletal muscle (Figure 6a ). Subsequent
Genes and Immunity experiments using individual mice revealed that LN expression was sporadic, with only single peripheral nodes of different types being positive by immunohistochemistry in each animal. Preliminary experiments with TCR-transgenic mice suggest that Spatial is transiently inducible following an immune challenge (data not shown).
In order to determine whether Spatial was expressed in thymic stromal cells or in thymocytes, we used RT-PCR to analyze Spatial expression in CD45 + sorted cells from Rag2−/− and C57BL/6 thymii and failed to detect any Spatial message in these hematopoietic cells (data not shown). No message was detected in the spleen, heart, brain, liver, large intestine, small intestine (Figure 6a) , and bone marrow (data not shown). However, Spatial expression was detected in day 14 fetal liver and Rag2−/− thymus.
To examine whether Spatial is developmentally regulated, RT-PCR expression analysis of Spatial and cyclophilin was done in whole fetus staged by crown to rump measurement. The results showed that Spatial message was not detectable at day 9 of fetal life (Figure 6b , upper panel) although cyclophilin message was readily detected (lower panel). At day 10, only expression of the short form was detected. This pattern persisted until day 11 after which both forms were observed. This dual expression pattern continued into adult life (Figure 6a ). Direct examination of Spatial expression in thymii from fetal day E12 to newborn by RT-PCR revealed that both forms are expressed throughout this period of thymic development (Figure 6c ).
It has been suggested that the presence and developmental state of intrathymic lymphoid cells has an effect on the distribution and number of thymic stromal cells. 6 One model to explain this observation is that the interaction of thymocyte and stromal cell surface ligandreceptor complexes may stimulate the production of maturation factors and survival signals that are necessary for the development and maintenance of a specific microenvironment. In order to examine whether thymo- Figure 6 The tissue expression pattern of Spatial is restricted and developmentally regulated. RT-PCR analysis of Spatial message in various tissues was done on pooled RNA samples from several mice (a) and is expressed at high levels in thymus, lymph nodes, and fetal liver. Low level expression was also detected in kidney, and skeletal muscle. (b) Total RNA from staged fetal mice was tested for Spatial expression by RT-PCR from day 9 to birth (upper panel). The lower panel shows the signal obtained using cyclophilin to access RNA quality. (c) Total RNA from fetal thymuses obtained from the indicated staged embryos was tested for Spatial expression using RT-PCR. cytes are required for expression of Spatial, RT-PCR analysis was first done in a number of mutant mice with defective lymphocyte development. Although thymic stromal cell composition and organization is disrupted in Rag2−/−, TCR ␣ −/−, and CD3⑀ −/− mice, 7, 8 we found that both isoforms of the Spatial gene were expressed in the thymii of all these animals ( Figure 7a ). Elimination of TCR ␥␦ thymocytes also had no effect on Spatial expression. These results indicate that neither TCR ␣␤ nor TCR ␥␦ cells that arise after the CD44
− stage in thymocyte development are required for Spatial expression. This interpretation is supported by the finding that Spatial is expressed in day 12-14 fetal thymus at a stage when the majority of thymocytes are immature (Figure 6c) .
We then examined whether thymocytes in developmental stages prior to the CD44 nearly alymphoid thymus, 9, 10 we found that Spatial expression was normal in these mice (Figure 7a) . We next did a RT-PCR analysis on day 14 FTOC that had been depleted of lymphoid cells by culturing with 2-deoxyguanosine. FACS analysis of CD45 was done during the culture period and indicated that at 13 days of culture, 99% of lymphoid cells were depleted (Figure 7b) . No decrease in Spatial expression was seen in FTOC during the 13-day culture in 2-deoxyguanosine indicating that the continued presence of normal numbers of thymocytes is not needed to maintain Spatial expression in FTOC (Figure 7b) .
Recently it has been suggested that the organization of the thymus is unique among lymphoid organs in that the stroma is composed of epithelial cells that are specifically arranged in a three-dimensional network. 11 Interactions between stromal cells themselves as well as with lymphoid cells are needed to support proper thymic development.
11-14 Because we were unsuccessful in identifying a cell line that expressed Spatial, although a number of thymic and non-thymic epithelial cell lines were tested, we examined whether Spatial expression depends on an intact three-dimensional architecture of thymic stromal cells. We used a RT-PCR analysis done on disaggregated thymus cells cultured on a plastic plate. Although Spatial expression was readily detected in the intact thymus, once the tissue was disaggregated, Spatial expression was lost within 2-3 days (Figure 7c ). Culturing the cells on plastic coated with Matrigel, collagen, or fibronectin did not prevent the loss of Spatial expression (data not shown). Importantly, the disaggregation by itself did not abolish Spatial expression as reaggregate FTOC retained Spatial expression for 3 days in the absence (Figure 7d ) or presence of thymocytes (data not shown). However, the aggregation of thymic stromal cultures grown after the loss of Spatial expression, with or without thymocytes, did not restore Spatial expression, even after 1 week in culture (data not shown). Therefore, the disappearance of Spatial expression could be due to either loss of cells capable of expressing Spatial or the loss of the signaling requirements for Spatial expression.
Discussion
The stromal cells of the thymus are derived from tissue that buds from the third pharyngeal pouch to form a thymic rudiment. Hematopoietic stem cell (HSC) seeding of the thymus begins at embryonic day 10 when waves of cells colonize the thymic rudiment while it is still attached to the pharyngeal pouch. [15] [16] [17] The products that attract HSC to the thymus are unknown but recent experiments have indicated that chemokines, integrins, and CD44 mediate the seeding of the thymus by HSC. [18] [19] [20] Upon entry into the thymus, HSC start to differentiate and the resulting daughter cells divide multiple times to a point where 95% of the thymus is composed of a transient population of lymphoid cells. Eventually a spatial organization is set up in which the most immature thymocytes lie at the outer edges of the thymus and the most mature ones are found in the medulla with a range of cells at different stages spread between these two regions. Transit through the thymus is believed to move thymocytes from one stromal cell compartment to another containing a different microenvironment in order to allow external (environmental) information to impinge upon the developmental process.
Although thymic stroma is an integral component of the thymus, it is not a static structure. For example, the presence and developmental stage of thymocytes has an influence on the makeup and organization of the thymic stromal cells. 24 This effect seems to be due to changes in thymic stromal cells and not to changes in T cell progenitors, because transplanted young thymuses thrive in old mice. 25 Despite a large body of literature, however, little is really known regarding what aspects of thymic stromal cell biology are important for lymphoid lineage commitment, age-related changes in thymic output, control of stromal cell growth and organization, and the mechanisms used to mediate stromal cell and thymocyte communication.
In order to study thymic stromal cells in greater detail, we have produced a subtracted cDNA library derived from day 14 FTOC grown in the presence of 2-deoxyguanosine to provide an enriched population of stromal cells. The cDNA from these cells was sequentially subtracted against NIH3T3 fibroblast and spleen mRNA to further enrich the library for thymus-specific transcripts. The Spatial gene was isolated from this library and its expression in adult mice is narrowly restricted to thymus and LN with low level expression also detected in the kidney and skeletal muscle (Figure 6a ).
Spatial is expressed as two isoforms that differ by 102 bases due to alternative splicing in exon 3 of the primary RNA transcript. Spatial starts to be expressed in the day 10 embryo and the short form is the predominant isoform until day 12. The expression of Spatial in 10 day embryos slightly precedes the budding of the thymus and its initial seeding by HSC at about day 10.5 to day 11. 16, 17, 26 The timing of embryonic Spatial expression is coincident with the HSC seeding of the fetal liver from the yolk sac and para-aortic splanchnopleura which starts at around day 10, peaks at day 13 and then declines. 27, 28 In fact, RT-PCR analysis of fetal tissues revealed that Spatial is also expressed in the 14 day fetal liver, but not in adult liver (Figure 6a ). Therefore, Spatial may be involved in a general mechanism needed to attract HSC to tissues such as fetal liver and thymus.
We suggest that thymic Spatial expression is independent of the presence of thymocytes and speculate that the Spatial protein regulates genes whose products are involved in thymic homing, differentiation, or lineage commitment of HSC. Thymocyte independent expression is supported by the finding that Spatial is expressed in 2-deoxyguanosine treated FTOC even though over 99% of CD45
+ cells have been depleted (Figure 7b ). In addition, in reaggregate FTOC, the presence (data not shown) or absence (Figure 7d ) of thymocytes had no effect on Spatial expression. Clearly, Spatial expression is independent of the presence of the full spectrum of developing thymocytes as Spatial is expressed in both Rag2−/− and CD3⑀ −/− mice even though thymocyte maturation is blocked at the CD4
+ stage. Finally, although there is an early and complete block in thymopoiesis in the DN−/− Ikaros mouse, 10, 29 Spatial is expressed at wild-type levels in its thymus, strongly indicating independence from thymocytes for stromal cell expression.
The thymic stromal cells stained using the anti-Spatial antibody are contained within the anatomical region occupied by subcapsular epithelial cells. Immature thymocytes in the subcapsular region undergo a variety of important differentiation events including T cell lin-eage commitment, initiation of TCR recombination, ␣␤ versus ␥␦ lineage choice, and selection to continue differentiation. Phenotypic analysis of day 11-12 fetal thymus has shown that thymocytes up-regulate CD62L, CD25, RAG-1, Thy 1.2, CD3 ⑀ and ␣ 5 integrin only after entry into the thymus, indicating that these cells are responding to unknown specialized environmental signals. 30 In the postnatal mouse, the cells that express Spatial surround the earliest thymic immigrants. These Spatial + cells may set up the first microenvironment that HSC interact with and be important for the initiation or progression of thymocyte development. Another possibility is that the cells that express Spatial produce chemokines that attract and or induce the movement of HSC through the outer margin of the thymus and into the cortex.
In mammary epithelial cell lines, it has been shown that interaction with extra-cellular matrix or cell to cell contact is needed to induce morphology and expression of milk proteins characteristic of differentiated mammary tissue. 31 Our data indicate that three-dimensional stromal cell interactions may also be required for Spatial expression because disaggregated thymus grown in a two-dimensional culture system (ie, on plastic plates) did not retain Spatial expression even in the presence of added thymocytes (Figure 7b and data not shown). This is not a reversible process, however, as reaggregation of two-dimensional cultured thymic stromal cells did not restore Spatial expression. This result may indicate that the reaggregate culture conditions are not sufficient to initiate and maintain Spatial expression, that the cells that express Spatial die following the loss of survival signals present only in a three-dimensional environment, or that these cells undergo permanent changes in their protein expression profile. In support of the last idea, it has been shown that monolayer culture conditions cause alterations in gene expression by purified major histocompatibility complex (MHC) class II + thymic epithelial cells and an irreversible loss of the functional ability of these cells to support thymocyte maturation. 32, 33 In this regard, it might be interesting to investigate the effect of expressing transfected Spatial in thymic epithelial cells grown in a monolayer culture system. Spatial expression is also inducible in the LN in response to an immune challenge (data not shown). Spatial expression in the LN is localized to the region occupied by reticulum cells that line the subcapsular sinus. Little is known regarding the function of these cells in an immune response. These cells are bathed in the substances that enter via the afferent lymphatics which have been noted to contain interdigitating reticular cells that are rich in mitochondria. 2 Analogous to the case in the thymus, the Spatial-expressing cells in the LN are positioned to interact with newly arrived lymphocytes and dendritic cells from the afferent lymphatics. In contrast to the thymus, Spatial expression is not constitutive in the LN. This may reflect differences in cell-specific transcriptional regulation of Spatial or a differential utilization of Spatial in different organs. It is notable that Spatial expression is absent in spleen which may indicate that Spatial is involved in homing of lymphoid cells from the lymphatic system to draining LN, perhaps by regulating chemokine expression. If true, this mechanism could complement the homing of näve T cells and activated dendritic cells to the T cell zones of the LN mediated by secondary lymphoid organ chemokine (SLC). 34 Future studies aimed at determining the signals needed to induce Spatial in the LN and characterization of a Spatial knockout mouse model should help to determine its function in the immune system.
Materials and methods

Mice and cells
The NIAID mouse breeding colony at Taconic Farms Inc., an AAALAC accredited facility, provided congenic inbred mice and mice bearing the following genetargeted mutations that were derived by embryo transfer and backcrossed when necessary to C57BL/6 or 10 mice. The N number is used to denote the number of backcrosses at the time the mice were used. The mice were housed for a short amount of time in conventional racks at the NIH and used at 4-8 weeks of age. The mouse strains used were: B10.A/SgSnAi, C57BL/6NAi, B10/Rag2−/− (N12), 35 B6/CD3-⑀−/−, 36 and B6/TCR ␣−/− (N12). 37 The B6/TCR ␦−/− (N12) 38 mice were purchased from the Jackson Laboratory and the thymus RNA from the homozygous dominant negative Ikaros mice 10 was a kind gift from Dr Katia Georgopoulos. Fetuses and fetal thymii were obtained from timed mating of C57BL/6 mice (NCI, Frederick MD) and the day of appearance of the vaginal plug was counted as day 0. Thymic epithelial cells were cultured by forcing dissected thymuses through a fine nylon mesh and plating the resulting cells on either collagen-coated or uncoated tissue culture plates in IMDM (Mediatech, Herndon, Va, USA) supplemented with 2 mm glutamine and 10% heat-inactivated fetal calf serum (FCS). Cells were passaged by incubating in 0.05% trypsin and dilution of the resulting cell suspension in fresh medium. After the culture was established, cells were grown in DMEM containing D-valine (Specialty Media, Lancaster, NJ, USA) to inhibit the growth of fibroblasts.
Plasmid construction and transfection
The original Spatial cDNA clone was derived from a subtracted cDNA library made from fetal stromal cells. 1 The cDNA from this plasmid was used to probe a Lambda Zap II phage cDNA library derived from SCID thymuses. 39 Two phage clones were isolated and the plasmids were recovered using phage rescue. These were called pSK-SpatialL (containing cDNA from bases 150 to 1035) and pSK-SpatialS (containing cDNA from base 145 to 1035). Plasmids pDCNeo-SpatialL and pDCNeoSpatialS were produced by amplifying the coding cDNA from the respective pSK plasmids using the primers NKoz-HA-Spatial (5ЈCCGGATCCGCGGCCGCCCGCCACCATGGGATACC CATACGATGTTCCAGATTACGCTGTGCTGTTTCTGG GGAATGTATATAAGGGG3Ј) and 3ЈSpatial Sma (5ЈTCCCCCCGGGGAGAAGGCCTTTTTTTTCTAGGCTC C3Ј) to generate a fragment containing a consensus Kozak sequence and a Haemophilus influenza epitope tag flanked with Not1 and Smal sites after digestion of the amplicon with Not1 and Smal enzymes (New England Biolabs, Beverly, MA, USA). These fragments were cloned into the pDC304Neo 40 plasmid, digested with Not1 and EcoRV restriction enzymes, and the sequence was verified by DNA sequencing. The Spatial-GFP fusion expression plasmids were constructed by amplification of the coding sequence of pSK-SpatialL and pSK-SpatialS using the primers R1-Not-Ha-Spatial (5ЈGAATTCTCGCGGCCGCCCGCCACCATGGGATACC CATAGCATGTTCCAGATTACGCTGTGGAGCCCCAG CCAGAGACGAAGC3Ј) and 3ЈSpatial Sma (described above). These amplicons contain the Spatial cDNA preceded by the Haemophilus influenza epitope tag. The amplicons were digested with EcoR1 and Xma1 and cloned into the pEGFPN1 expression vector (Clontech) that had been digested with the same enzymes to produce an in-frame fusion with GFP. The sequence of all clones was verified before being purified twice on CsCl gradients. Calcium phosphate transfections were done using the Stratagene calcium phosphate transfection kit and following the manufacturer's instructions. Transfections were done in six-well plates 1 day after seeding 62 500-100 000 293T cells per well in 5 mls of DMEM containing 10% heat-inactivated FCS and 2 mm glutamine. One ml of precipitate was prepared with 10 g of plasmid DNA for each transfection. After a 10 to 15 min incubation at room temperature, 120 l of the DNA solution was applied dropwise to the medium. The cells were incubated for 10 h at 37°C in 3% CO 2 , washed twice with room temperature calcium and magnesium free PBS (Biofluids, Rockville, MD, USA) and fresh medium was replaced. In some cases, photographs were taken using an inverted Zeiss fluorescence microscope with an Olympus 35 mm camera.
Thymic organ culture
Fetal thymii were removed at day 13-14 using fine tweezers and a dissecting microscope. Ten to 12 thymic lobes were cultured at 37°C in an humidified incubator on a 24 mm 0.4 m pore size transwell tissue culture insert (Costar, Corning, NY, USA) in DMEM supplemented with 10% heat-inactivated FCS, 2 mm glutamine, 1× nonessential amino acids, 1× NCTC 109, 100 U/ml penicillin, 100 g/ml streptomycin, 10 mm Hepes pH 7.0, (Biofluids), 50 m 2-ME, 1 mm oxaloacetic acid (Sigma, St Louis, MO, USA). When needed, 2 mm deoxyguanosine (Sigma) was added to deplete thymocytes. To perform reaggregation, a cell suspension was prepared by trypsinization of day 14 fetal thymic lobes after 1 week of FTOC in the presence of 2 mm 2-deoxyguanosine. The cells were counted and 500 000-1000 000 cells were placed in a sterile Eppendorf tube. The cells were pelleted at low speed, the supernatant was completely removed, and the cells were drawn up into a P-10 pipettor and applied as a drop to a trans-well membrane.
Zoo-blot analysis
The blot containing EcoR1-digested genomic DNA from the indicated species was purchased from Clontech. A Spatial cDNA fragment from base 102 to base 779 was used to generate a radiolabeled probe using a random oligo labeling kit (Promega, Madison, WI, USA). The blot was hybridized in 10 ml of Express-hyb (Clontech) at 2 × 10 6 cpm/ml for 4 h. The blot was washed in 2× SSC, 0.2% SDS at room temperature for 15 min and then washed at 45°C for 30 min. The blot was exposed to Kodak Biomax MR film using bio-max screens overnight at −70°C. After developing the film, the blot was washed in 2× SSC, 0.1% SDS for 10 min at room temperature, followed by the high stringency wash at 65°C for 30 min in 0.2 × SSC, 0.1% SDS. Finally the blot was re-exposed to X-ray film for 4 days at −70°C before the film was developed.
RT-PCR
A mixture of 0.3-5 g total RNA in water with 1/4 mass of oligo dT and random hexamer primers in a total volume of 9-31.8 l was heated to 70°C for 3-5 min and placed on ice. A master mix containing 3.125 l of a 10 mm dNTP mix, 12.5 l 5× 1st strand buffer, 6.25 l 0.1 M DTT, 5 l RNAse inhibitor (Life Technologies, Rockville, MD, USA) and 150 units/g RNA MMLLV Superscript II reverse transcriptase (Life Technologies) was added and incubated at 42°C for 30-60 min. The PCR was assembled on ice using a volume of the RT reaction corresponding to 50-150 ng of RNA added to a master mix containing 5 l of 10× Taq polymerase buffer, 1 l 10 mm dNTP mix, 10 pmole of each primer and 0.5 l Taq polymerase (Boehringer Mannheim) in a total volume of 50 l. The primers were designed so that both forms of the Spatial mRNA, but not genomic DNA, are amplified. Their sequences are: F9 (5ЈCGCCTAAGCCACCATTCCTTCTTC3Ј) and B29 (5ЈAGCCAGGTCCTTCAGTTTCTTCCTCC3Ј). Typically, the reaction was initiated by a hot start of 94°C for 3 min followed by 30 cycles of 94°C for 15 sec, 60°C for 30 sec, and 72°C for 1 min. Samples were analyzed by gel electrophoresis using a 1.5% agarose gel containing 5 g/ml of ethidium bromide and photographed using a still video camera system (Stratagene, CA, USA).
Primer extension and S1 nuclease protection
Approximately 100 ng of primers to be used for the primer extension assay were end-labeled with T4 polynucleotide kinase using the manufacturer's protocol (New England Biolabs). The primers were purified using a G-25 spin column and diluted to 0.4 ml in TN600 (600 mm NaCl, 10 mm Tris pH 7.5, 1 mm EDTA). For each sample, 50 g of RNA were mixed with 3.5 l radiolabeled primer and 1.5 l 10× hybridization buffer (1.5 M KCl, 0.1 M Tris-Cl, pH 8.3, 10 mm EDTA) in a total volume of 15 l in a PCR tube. The tubes were sealed, incubated for 90 min at 65°C, then removed and allowed to cool slowly to room temperature. The nucleic acids were precipitated by the addition of 1.5 l 3 M sodium acetate and 37.5 l ethanol and resuspended in 26.5 l water. The following components were added: 9 l 5× RT buffer, 4.5 l 0.1 M DTT, 2.5 l 10 mm dNTP mix, and 2.5 l Superscript II MMLV reverse transcriptase (Life Technologies) and after gentle mixing the tube was incubated at 42°C for 1 h. To stop the reaction, 105 l RNAse reaction mix (100 g/ml salmon sperm DNA, 20 g/ml RNAse A, 100 mm NaCl, 10 mm Tris pH 7.5, and 1 mm EDTA) was added and the tube was incubated at 37°C for 15 min. The nucleic acids were then purified by the addition of 15 l 3 M sodium acetate, phenol extraction, and precipitation with 300 l ethanol. The DNA was pelleted, washed with 70% ethanol, dried and resuspended in 5 l loading dye (0.05% bromphenol blue, 0.05% xylene cynale FF, and 20 mm EDTA in deionized formamide). The samples were heated to 90°C for 5 min, then run on a 9% acrylamide/7 M urea gel until the bromphenol blue reached the end of the gel. The gel was dried and exposed to X-ray film with intensifying screens. S1 assay probes were made using the Prime-a-Probe strandspecific DNA probe synthesis kit (Ambion, Austin, TX, USA). The probes were synthesized using either the B2 (5Ј AAACAGGGGCTGGTTCCAACACAAGTTT CTC3Ј), B4 (ACCTAGTCACCTCATCCCTACG), or B9 (5ЈAAGGAATGGTGGCTTAGGCGTC3Ј) primer and the pSK-4.5PST plasmid which contains a 4.5 kb Pst1 fragment of genomic DNA that includes approximately 3.0 kb upstream of the Spatial gene and the first 2 exons of Spatial. The S1 Nuclease protection assay was done using the S1-Assay system (Ambion).
Tissue immunohistochemistry
Tissues were dissected and surrounded by OCT compound in a freezing tray. The tray was then submerged for 10-30 min in a beaker of 2-methylbutane that had been cooled in dry ice for at least 30 min. The frozen tissues were removed, wrapped in aluminum foil and stored at −70°C. Immediately before staining, samples were placed in the cryostat, allowed to equilibrate to −18°C, cut into 5 m sections and placed on gelatin coated slides. Cut samples were kept in a humidified chamber and were not allowed to dry during staining. The sections were fixed in room temperature methanol for 5 min, soaked in PBS for 10 min, then blocked for 30 min in Blocking Buffer (5% dry milk, 0.05% Tween 20, 10% normal goat serum (Caltag, Burlingame, CA, USA), and 10 g/ml 2.4G2 antibody (Pharmingen, San Diego, CA, USA), followed by blotting to remove excess buffer. For peptide blocking studies, antibody diluted in blocking buffer was mixed with 38.5 m peptide and incubated for 30 min while rotating. Affinity purified antipeptide antiserum was diluted 1/100 in blocking buffer, applied to the sections, and incubated at room temperature for 30 min. The slides were washed in PBS for 10 min and antibody binding was visualized using the UltraSensitive ABC peroxidase staining kit with metalenhanced DAB Substrate (Pierce, Rockford, IL, USA) following the manufacturer's instructions.
Antibody preparation
The Spatial amino acid sequence was reviewed and the 14 C-terminal amino acids shown in bold Italics in Figure 1a were selected as an immunizing peptide. Two rabbits were immunized with the acetyl-GVAQRMEPRKKRPS-COOH peptide and the reactive antisera were purified on a peptide affinity column to enrich for anti-C-terminal peptide antibodies (Quality Controlled Biochemicals Inc, Hopkinton, MA, USA).
Protein preparation, immunoprecipitation, immunoblot analysis
In vitro translation was done using the TNT coupled transcription and translation kit from Promega using 3 H-leucine (Amersham, Piscataway, NJ, USA) and following the manufacturer's instructions. For Western blot analysis, the cells or tissues were lysed in 2× volume 5× RIPA buffer (0.25 M Tris pH 7.5, 2.5% Deoxycholate, 0.5% SDS, 5% NP40) plus the protease inhibitors aprotinin, pepstatin, and leupeptin (10 g/ml, Sigma) and PMSF (1 mm, Sigma) using a polytron. Protein concentrations were measured using the Pierce BCA protein assay. Proteins were separated by PAGE, blotted onto nitrocellulose membranes (BioRad, Hercules, CA, USA), and probed with Spatial peptide affinity-purified antibody at a 1/200 dilution. After incubation with anti-rabbit antibodies coupled to HRP (Promega), the immunoblots were developed using the Super Signal Chemiluminescent System (Pierce). For immunoprecipitation, cells were lysed in RIPA buffer as above and, after pelleting insoluble material, the 100-200 g of protein was mixed with 5 l of affinity purified anti C-terminal Spatial peptide antiserum and 40 l of a protein A sepharose slurry. After overnight incubation at 4°C, the slurry was washed extensively with RIPA buffer containing protease inhibitors. 50-100 l of 1× SDS sample buffer was added to the washed slurry and denatured by incubation for 5 min at 100°C prior to PAGE. For radiolabeled proteins, the gel was soaked in 5% acetic acid, 10% methanol for 15 min, then in Enlightening (DuPont/NEN, Boston, MA, USA) for 15 min. The gel was then dried under vacuum and exposed to X-ray film (Kodak).
